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SUMMARY 

A min ia tu re  f low-d i r ec t ion  and a i r s p e e d  sensor  w a s  developed f o r  u s e  on 
1/10- to  1/15-scale models and on f u l l - s c a l e  a i r p l a n e s  engaged i n  s p i n  research.  
The range of flow ang les  encountered i n  spinning f l i g h t  ( f 1 2 0 0  i n  ang le  of 
a t t ack  and f55O i n  s i d e s l i p )  is l a r g e r  t han  t h a t  of normal f l i g h t .  These 
ang le s  along with an  e f f e c t i v e  a i r s p e e d  range of 9 to 90 m/sec, were measured 
with s t a t i c  accuracies of 20.35O f o r  ang le  of a t tack,  +0.25O f o r  s i d e s l i p  angle ,  
and f l  m/sec f o r  a i r speed .  The dynamic accuracy is adequate  to measure t h e  rap- 
i d l y  changing f l a w  ang le s  and a i r s p e e d  without  s i g n i f i c a n t  d i s t o r t i o n .  The sen- 
sor is rugged enough to withstand both t h e  a i r p l a n e  environment and t h a t  of t h e  
r ad io -con t ro l l ed ,  unpowered models. 

INTRODUCTION 

A f law sensor to  be used i n  s p i n  t e s t i n g  of a i r p l a n e s  and r ad io -con t ro l l ed  
models has been designed to be s m a l l  i n  s i z e  and to  have l a r g e  angular  ranges 
(+120° a n g l e  of a t tack  and f55O s i d e s l i p ) ,  a s u i t a b l e  a i r speed  range (9  to  
90 m/sec), and s u i t a b l e  dynamic response ( f l a t  to  2 Hz). N o  commercially a v a i l -  
a b l e  sensor p r e s e n t l y  meets t h e s e  requirements.  The models, 1/15 to  1/10 of 
f u l l  s i z e ,  are s c a l e d  i n  s i z e ,  weight, and i n e r t i a  so t h a t  t he  f l i g h t  perfor-  
mance of t h e  models is similar to t h a t  of t h e  f u l l - s c a l e  a i r p l a n e .  To t h i s  end, 
t h e  a d d i t i o n a l  moment added by t h e  sensor  about t h e  p i t c h  and yaw axes m u s t  be 
small. Standard components such as po ten t iome te r s  and s l i p  r i n g s  cannot  be 
incorporated i n t o  a sensor  without  en la rg ing  it to an unacceptable degree,  so 
s e v e r a l  c r i t i ca l  components have been designed e s p e c i a l l y  f o r  t h e  sensor .  A 
l ow- ine r t i a  boom is long enough to  p l a c e  t h e  sensor i n  r e l a t i v e l y  undis turbed 
a i r  w i t h o u t  introducing errors d u e  to  b o o m  bending. 

The c o n f i g u r a t i o n  of t h e  sensor  is modeled a f te r  t h a t  of undocumented sen- 
sors designed f o r  r e sea rch  on ear l ier  models and on l a r g e  parawing systems a t  
t h e  Na t iona l  Aeronaut ics  and Space Adminis t ra t ion (NASA). (See r e f .  1 .) A 
f inned  body con ta in ing  a propeller anemometer is mounted on a f i x e d  boom and 
rotates about two independent axes  to s e l f - a l i g n  i t s e l f  i n  t h e  airstream 
( f i g .  1 ) .  Po ten t iome te r s  sense t h e  f l a w  ang le s ,  and t h e  p r o p e l l e r  anemometer 
i n  t h e  body s e n s e s  t h e  a i r speed .  The swivel ing des ign  p rov ides  d i r e c t  measure- 
ments of t h e  l a r g e  flaw a n g l e s  of spinning f l i g h t .  The sensor  is no t  designed 
f o r  a l l -weather  s e r v i c e .  The requirements of range, accuracy, and dynamic 
response f o r  t h e  angular  and a i r s p e e d  measurements are given i n  t a b l e  I. The 
des ign  c o n s i d e r a t i o n  and t h e  performance of t h e  sensor  are d i scussed  i n  t h i s  
paper. A d e t a i l e d  d e s c r i p t i o n  of t h e  sensor  c o n s t r u c t i o n  is included i n  t h e  
appendix . 



SYMBOLS 

aspect ra t io  

slope of l i f t  curve ,  rad-l 

frequency, Hz 

a c c e l e r a t i o n  of g r a v i t y ,  g u n i t s  ( l g  = 9.8 m/sec2) 

mass moment of i n e r t i a ,  kg-m2 

propeller blade incidence,  deg 

c o n s t a n t s  of p r o p o r t i o n a l i t y  

d i s t a n c e  from vane p i v o t  to t h e  vane aerodynamic c e n t e r ,  mm 

I 
9 dynamic pressure , -pU2 Pa 

2 

r r ad ius ,  mm 

S e f f e c t i v e  area of vane, "2 

T th i ckness  of vane, mm 

t t i m e ,  sec 

U approach a i r  speed m/sec 

v v e l o c i t y  of vane element,  m/sec 

a ang le  of a t t ack ,  deg 

r damping ra t io  

P d e n s i t y  , kg/m3 

T t i m e  cons t an t ,  sec 

Subscr ip ts :  

A of a i r  

C calibrated 

n n a t u r a l  

V of vane 
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DESIGN CONSIDERATIONS 

S t a t i c  Angular Response 

Angle of a t t ack  is measured i n  t h e  p l ane  con ta in ing  both t h e  l o n g i t u d i n a l  
and normal axes,  between t h e  boan a x i s  and t h e  p r o j e c t i o n  of t he  r e s u l t a n t  wind 
vec to r  on t h e  p l ane  ( r e f .  1 ) .  S i d e s l i p  a n g l e  is measured between t h e  r e s u l t a n t  
wind vector and its p r o j e c t i o n  on t h e  same plane.  The swivel ing,  s t r eaml ined  
aerovane s e l f - a l i g n s  wi th  t h e  r e l a t i v e  wind, and t h e  po ten t iome te r s  measure t h e  
t w o  ang le s  d i r e c t l y .  The sensor is a c c u r a t e l y  made of rugged c o n s t r u c t i o n  to  
provide p r e c i s e  and r e p e a t a b l e  measurements w i th  t h e  h igh - re so lu t ion  p o t e n t i -  
ometers. An a c c u r a t e  c a l i b r a t i o n  f i x t u r e  is needed f o r  l a b o r a t o r y  and f i e l d  
use. 

Dynamic Angular Response 

The aerovane body wi th  cruciform X t a i l  responds to  dynamic aerodynamic 
i n p u t s  as a single-degree-of-freedom, second-order system with v i scous  and 
Coulomb damping. Both t h e  sp r ing  f o r c e  and t h e  v i scous  damping force are gen- 
e r a t e d  by aerodynamic l i f t  on t h e  t a i l .  The response of flow vanes has  been 
desc r ibed  by s e v e r a l  i n v e s t i g a t o r s  ( r e f s .  2 ,  3,  and 4 )  i n  terms of t h e  vane 
parameters. The undamped n a t u r a l  frequency relates to  t h e  va r ious  parameters 
by t h e  equa t ion  

L n  ~ I T  k I  ( 1  + 2/A)J 

The n a t u r a l  frequency is seen  to i n c r e a s e  as t h e  i n e r t i a  of t h e  aerovane is 
reduced, which w o u l d  be expected. The approximation of equat ion ( 1 )  n e g l e c t s  
a l l  i n e r t i a  except  t h a t  of t h e  vanes and equa te s  t h e i r  r a d i u s  of g y r a t i o n  to 
t h e  aerodynamic manent d i s t a n c e  1 .  This  is done to  show t h a t  responsiveness  
is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  square root o f ,  and not  t h e  f i r s t  power o f ,  
t he  d i s t a n c e  1. It  is also seen i n  equat ion ( 1 )  t h a t  t h e  n a t u r a l  frequency 
v a r i e s  as t h e  square root of t h e  dynamic p r e s s u r e  (i.e.,  t h e  f a s t e r  t h e  f l i g h t ,  
t he  g r e a t e r  t he  r e spons iveness ) ,  and t h a t  responsiveness  is improved by using 
aerodynamically e f f i c i e n t  vanes. Vane planforms were i n v e s t i g a t e d  i n  wind- 
tunne l  tests. The planform selected ( t ape red ,  with an aspect r a t io  of 4 )  w a s  
found to be a good compromise between s t r u c t u r a l  and aerodynamic c h a r a c t e r i s -  
tics. It  produced accep tab le  s t i f f n e s s  and d i d  not  f l u t t e r  i n  t h e  a i r s p e e d  
range of i n t e r e s t .  

Aerodynamic l i f t ,  i n  a d d i t i o n  to f o r c i n g  t h e  alignment of t h e  aerovane to  
t h e  airstream, also p rov ides  damping force. T h i s  damping force, which is pro- 
p o r t i o n a l  to t h e  t r a n v e r s e  v e l o c i t y  of t h e  aerovane t a i l ,  should be made as 
high as poss ib l e .  The damping ra t io ,  de f ined  as damping f o r c e  d iv ided  by t h e  
m i n i m u m  f o r c e  needed to prevent  overshoots  i n  response to  inpu t s ,  is shown by 
r e f e r e n c e s  2, 3,  and 4 to be 
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N o t e  t h a t  t he  damping ratio is independent of a i r s p e e d  but  dependent upon a i r  
d e n s i t y ;  t h a t  is, damping does no t  change wi th  a i r s p e e d ,  on ly  wi th  a l t i t u d e .  
The approximate form of equa t ion  (2 )  is ob ta ined  with t h e  same assumptions of 
t h e  approximate form of equa t ion  (11,  and it shows t h a t  damping is improved by 
using low-density materials and by i n c r e a s i n g  t h e  d i s t a n c e  1 .  The e f f e c t  of 
t h e  d i s t a n c e  2 on t h e  o v e r a l l  frequency response,  which inc ludes  both n a t u r a l  
frequency and damping, is b e s t  resolved by des ign ing  f o r  high-frequency response 
a t  t h e  expense of damping; however, t h e  upper l i m i t  of n a t u r a l  frequency is set  
by t h e  value of t h e  f i r s t  resonant  frequency of t h e  boan t h a t  is used to mount 
t h e  sensor to t h e  models. The boom and t h e  vane form a two-degree-of-freedom 
v i b r a t i o n  system t h a t  becomes d ive rgen t  f o r  t h e  bom as t h e  vane frequency 
approaches t h e  f i r s t  n a t u r a l  mode of t h e  boom. Dangerous resonance is avoided 
i n  the  scale-model a p p l i c a t i o n  by l i m i t i n g  t h e  n a t u r a l  frequency of t h e  aerovane 
a t  t h e  maximum a i r s p e e d  to a va lue  below t h e  boom frequency. I n  a i r p l a n e  app l i -  
c a t i o n s ,  t he  r e l a t i v e l y  l a r g e r  booms with lower f irst-mode resonances are no t  
subject to  t h i s  cond i t ion .  

P r o p e l l e r  Response 

Propeller o p e r a t i o n  is described by cons ide r ing  t h e  motion of t he  f r e e l y  
tu rn ing  blade and t h a t  of t h e  flow passing through it. When t h e  blades n e i t h e r  
r e c e i v e  nor d e l i v e r  s i g n i f i c a n t  power to t h e  airstream, as i n  t h e  anemometer 
case, a i r  passes  through t h e  p r o p e l l e r  d i s c  e s s e n t i a l l y  undeflected;  t h i s  is t h e  
no - s l ip  case. The f l a t ,  untwisted blades rotate  a t  speeds p r o p o r t i o n a l  t o  t r u e  
a i r speed  throughout t h e  range of i n t e r e s t  and become nonl inear  only a t  t h e  s l o w -  
est speeds where t h e  mechanical l oad  is s i g n i f i c a n t  and t h e  b l ades  s l i p  to pro- 
v ide  a d d i t i o n a l  aerodynamic torque. 

The v e l o c i t y  of t h e  p r o p e l l e r  blade is related to  t h e  true a i r s p e e d  by t h e  
equat ion 

v =  

This  equat ion 
attack a a t  

P c  
u t a n  (i - p a) 

is impossible to  e v a l u a t e  because of t h e  unmeasurable a n g l e  of 
l o w  airspeeds, bu t  t h e  approximation 

( 3 )  

v =  ( 4 )  

from r e f e r e n c e  5 s a t i s f a c t o r i l y  describes a l i n e a r  r e l a t i o n s h i p  between t h e  t w o  
v e l o c i t i e s  and an o f f s e t  near t h e  o r i g i n .  V a r i a t i o n  of a i r  d e n s i t y  a f f e c t s  t h e  
o f f s e t  and no t  t h e  slope of t h e  c a l i b r a t i o n .  The o f f s e t  is smallest i n  dense 
air and i n c r e a s e s  with t h e  lowering a i r  d e n s i t y  of higher a l t i t u d e  f l i g h t .  
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Airspeed d a t a  normally change slowly i n  m o s t  f l i g h t  tests, but it can show 
dynamic changes when gus ty  a i r  is encountered or abrup t  maneuvers are executed. 
The p r o p e l l e r  responds to dynamic i n p u t s  as a typical f i r s t - o r d e r  system 
desc r ibed  by t h e  equa t ion  

dV 

d t  
U = k 3 V +  T - (5) 

Dynamic d a t a  are eva lua ted  by adding t h e  second t e r m ,  which is t h e  t i m e  c o n s t a n t  
times rate of change of a i r s p e e d ,  to  t h e  f i r s t  term, which is measured a i r speed .  

PERFORMANCE CHARACTERISTICS 

Systematic  errors i n  angular  measurements arise from n o n l i n e a r i t y  of t h e  
p o t e n t i m e t e r s  and misalignments i n  t h e  airstream due to  maneuver-generated 
accelerations or aerodynamic f o r c e s .  Random errors a f f e c t i n g  t h e  angular  mea- 
surements i nc lude  f r i c t i o n - c a u s e d  h y s t e r e s i s  and noise .  M o s t  of t h e  nonl inear-  
i t y  error is removed i n  t h e  data-reduct ion p rocess  by using piecewise l i n e a r  
f i t s  to  t h e  angular c a l i b r a t i o n s .  P r e c i s e  balancing of t h e  aerovane by t h e  
method desc r ibed  i n  t h e  appendix a s s u r e s  t h a t  t h e  aerovane w i l l  remain a l igned  
du r ing  f l i g h t  a c c e l e r a t i o n s .  N o  misalignments a r i s i n g  from aerodynamic f o r c e s  
were measured i n  wind-tunnel tests. P la s t i c  r e s i s t i v e  elements  used i n  t h e  
p o t e n t i m e t e r s  produce a n e a r l y  impercept ible  l e v e l  of noise .  D i s c o n t i n u i t i e s  
i n  t h e  electrical  o u t p u t s  are e l imina ted  by c o r r e c t l y  s e t t i n g  t h e  w i p e r  ten- 
s i o n  when t h e  sensor  is assembled. Excessive h y s t e r e s i s  r e s u l t s  f r a n  too much 
f r i c t i o n  a t  t h e  w i p e r  c o n t a c t s  of both t h e  po ten t iome te r s  and t h e  s l i p  r ings .  
The t o t a l  f r i c t i o n  is se t  to produce, i n  t h e  absence of v i b r a t i o n ,  less than  
kO.25O h y s t e r e s i s  i n  ang le  of a t tack  and +0.100 i n  s i d e s l i p  a n g l e  a t  an  a i r -  
speed of 30 m/sec. A t  higher a i r s p e e d s  and i n  the  presence of v i b r a t i o n ,  
h y s t e r e s i s  disappears .  
a t tack and kO.25O i n  s i d e s l i p  angle .  

Total  uncorrected errors amount to  k0.35O i n  ang le  of 

S t a t i c  a i r s p e e d  c a l i b r a t i o n s  ( f i g .  2) show t h a t  above 9 m/sec, t h e  response 
is l i n e a r  to  within k0.5 m/sec. A d e t a i l e d  s tudy of t h e  c a l i b r a t i o n  near t h e  
s t a r t i n g  speed ( f i g .  3) shows t h e  p o i n t s  a sympto t i ca l ly  approach t h e  s t r a i g h t  
slope as f r i c t i o n  is o v e r c m e  and t h e  blades t u r n  i n  p r o p o r t i o n  t o  t h e  v e l o c i t y  
of t h e  inflowing a i r .  The e f f e c t  of changes i n  a i r  d e n s i t y  i s  to  change t h e  
z e r o  o f f s e t  of t h e  c a l i b r a t i o n  with no change i n  t h e  slope ( r e f .  5 ) .  The e f f e c t  
is small enough to be inconsequen t i a l  under t h e  a l t i t u d e  range of s p i n  t e s t i n g  
( r e f .  6 ) ;  t h e r e f o r e ,  no c o r r e c t i o n s  are made t o  f l i g h t  d a t a  f o r  a i r - d e n s i t y  
changes. An o v e r a l l  airspeed accuracy of 21 m/sec is  r e a l i z e d .  

The dynamic angular  response of t h e  sensor  i n  terms of n a t u r a l  frequency 
and damping r a t io  w a s  measured f r a n  t ime-his tory r eco rds  as t h e  sensor  responded 
to  plucks a t  a i r s p e e d s  of i n t e r e s t  ( f i g .  4 ) .  The response is high enough for 
f l i g h t  t e s t i n g  ( t a b l e  I) and y e t  low enough no t  to  e x c i t e  t h e  first-mode reso- 
nance of t h e  boom, 39 Hz, a t  t h e  maximum a i r speed .  

The dynamic response of t h e  a i r s p e e d  sensor  i n  terms of t i m e  c o n s t a n t  w a s  
measured i n  an opelrjet wind tunne l  a t  s e v e r a l  a i r s p e e d s  f r u n  t ime-his tory 
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r eco rds  of t h e  ou tpu t  as t h e  propeller was r e l e a s e d  i n  a cons t an t -ve loc i ty  a i r -  
stream. The t i m e  c o n s t a n t  w a s  measured from a p o i n t  v1 a t  which t h e  ou tpu t  had 
reached a r easonab le  va lue  to  t h e  p o i n t  a t  which it had reached 63 p e r c e n t  of 
t h e  d i f f e r e n c e  between vi and t h e  f i n a l  value.  
c o n s t a n t  and, as expected,  w a s  found to  be independent of t h e  r e f e r e n c e  v a l u e  
chosen. The re la t ion  between t h e  measured t i m e  c o n s t a n t s  and t h e  corresponding 
a i r speeds  ( f ig .  5) shows t h a t  t h e  minimum acceptable l a g  is achieved for a i r -  
speeds exceeding 13  m/sec. 

The t i m e  increment is t h e  t i m e  

The r o t a t i o n a l  speed of t h e  propeller drops  off when it is n o t  a l igned  wi th  
t h e  airstream. The ou tpu t  of t h e  sensor  varies approximately as t h e  square  of  
t h e  c o s i n e  of t h e  ang le  of misalignment over  t h e  f i r s t  6O ( f i g .  6 ) .  This  con- 
d i t i o n  is cons idered  s a t i s f a c t o r y  s i n c e  l a r g e  aerovane misalignments a r e  n o t  
a n t i c i p a t e d  because of law f r i c t i o n  i n  t h e  bea r ings .  

T e s t s  to  measure s ta t ic  angular  and a i r s p e e d  accu rac i e s  and dynamic 
response of t h e  a n g l e s  were made i n  t h e  c losed  test s e c t i o n  of t h e  0.305- by 
0.43-m i n s t rumen ta t ion  wind tunnel .  Tunnel speeds  were sensed wi th  a p i t o t  
s ta t ic  tube l o c a t e d  near  t h e  sensor .  P i t o t  and s ta t ic  p r e s u r e s  were measured 
wi th  an  accuracy of 213.3 Pa (0.01-mm Hg) or less, and t h e  tachometer-output 
f r equenc ie s  were measured wi th  a frequency counter  to  a n  accuracy of 21 Hz. 

F l i g h t  exper ience  has  proven t h e  sensor  to be r e l i a b l e  and rugged. I n  over 
100 f l i g h t s  of rad io-cont ro l led ,  unpowered models, on ly  one loss of d a t a  has  
occurred. Ai rp lane  s e r v i c e  has  proven more d i f f i c u l t  because t h e  v i b r a t i o n  
environment is more severe  and t h e  du ty  period is longer ,  but  f a i l u r e s  have o n l y  
occurred  as a r e s u l t  of lapses i n  t h e  q u a l i t y  of p repa ra t ion .  

CONCLUDING REMARKS 

A min ia tu re  f low-di rec t ion  and a i r s p e e d  sensor  w a s  developed f o r  both scale 
models and f u l l - s c a l e  a i r p l a n e s  engaged i n  s p i n  research .  The l a r g e  flow ang les  
encountered i n  sp inn ing  f l i g h t  (2120° i n  ang le  o f  at tack and 255O i n  s ides l ip  
angle)  are measured to  an accuracy of t0.35O and t0.25Ol r e s p e c t i v e l y .  True 
a i r speed  is measured over a range of f r a n  9 to  90 m / s e c  to  an  accuracy of 
21 m/sec. The dynamic response of t h e  sensor  is adequate  t o  measure t h e  r a p i d l y  
changing f low a n g l e s  without  s i g n i f i c a n t  d i s t o r t i o n .  The sensor  has  proved rug- 
ged enough to wi ths tand  both t h e  a i r p l a n e  environment and t h a t  of t h e  rad io-  
c o n t r o l l e d ,  unpowered free-f  l i g h t  models. 

Langley Research Center  
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
A p r i l  24,  1979 
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APPPENDIX 

DESCRIPTION OF SENSOR 

General D e s c r i p t i o n  

The sensor  is shown disassembled i n  f i g u r e  Al. The sensor is mounted on 
a suppor t  boom t h a t  f i t s  to t h e  nose of t h e  model or a i r p l a n e .  The major par ts  
of t h e  sensor are t h e  suppor t ing  s t a t i o n a r y  housing (pod), t h e  r o t a t i n g  cross- 
s h a f t ,  and t h e  swivel ing aerovane. These t h r e e  parts, p l u s  t h e  o t h e r  parts and 
canponents of t h e  senso r ,  are shown i n  approximately correct p o s i t i o n  i n  f i g -  
u r e  Al. The aluminum, two-piece housing on t h e  l e f t  c o n t a i n s  t h e  bea r ings  t h a t  
s u p p o r t  t h e  c ros s - sha f t ,  t h e  annular-shaped p o t e n t i m e t e r  with t h e  s i n g l e -  
element w i p e r ,  and t h e  seven-element s l i p r i n g  assembly. The p o t e n t i m e t e r  is 
f a s t e n e d  to t h e  s h a f t ,  rotates with it, and s e n s e s  ang le  of attack. The s l i p  
r i n g  assembly l i k e w i s e  is f a s t ened  to and rotates with t h e  s h a f t .  The cross- 
s h a f t  is made of stainless s tee l  and is bored to  c o n t a i n  t h e  electrical wires. 
Each w i r e  e n t e r s  t h e  s h a f t  through one of f i v e  r a d i a l  holes; a l l  f i v e  emerge 
toge the r  on t h e  ou te r  end. A yoke which suppor t s  t h e  aerovane is a t t ached  to 
t h e  outer end. The s h a f t  running through t h e  yoke is long enough to  suppor t  
bear ing assemblies which f i t  i n t o  t h e  halves  of t h e  aerovane when it  is assem- 
bled.  The s i d e s l i p  potent iometer  and t h e  three-element s l i p  r i n g  are mounted 
on t h e  s h a f t  between t h e  ends of t he  yoke. The s h a f t ,  potent iometer ,  and s l i p  
r i n g s  are s t a t i o n a r y  r e l a t i v e  t o  the  c r o s s - s h a f t  and yoke, but t h e  aerovane 
rotates  i n  t h e  bear ings.  The w i p e r s  f o r  both t h e  s i d e s l i p  potent iometer  and 
t h e  s m a l l  s l i p  r i n g s  are mounted i n  t h e  aerovane and t u r n  with i t  around t h e  
s h a f t .  The canplex shape of t h e  aerovane i n t e r i o r  r e s u l t s  f r a n  t h e  need to 
m i n i a t u r i z e .  The nose of t h e  aerovane c o n t a i n s  a propeller-tachometer assembly 
which rotates to produce a s i n u s o i d a l  electrical o u t p u t  w i t h  a frequency propor- 
t i o n a l  to t r u e  a i r speed .  The l i gh twe igh t  t a i l  is made of t h i n  magnesium s h e e t s  
f i t t e d  i n t o  slots i n  a s h a f t  which is i n s e r t e d  i n t o  t h e  aerovane body to a depth 
t h a t  provides  s t a t i c  balance.  The l eng ths  of t h e  t a i l  and c ross - sha f t  and t h e  
s i z e  of t h e  c u t o u t  i n  t h e  side of t h e  aerovane allow r o t a t i o n  through a s i d e s l i p  
range of 155O. There are no stops to  l i m i t  t h e  r o t a t i o n  of t h e  c r o s s - s h a f t  i n  
t h e  angle-of-attack a x i s .  Electrical connect ions are made to t h e  v a r i o u s  com- 
ponents through t h e  s l i p  r i n g s .  Two wires from t h e  t a c h m e t e r  and t h e  w i p e r  
wire f r a n  t h e  p o t e n t i a n e t e r  a t t a c h  to  t h e  w i p e r s  of t h e  s l i p r i n g  assembly i n  
t h e  aerovane. These t h r e e ,  p l u s  t h e  t w o  wires from t h e  ends of t h e  s i d e s l i p  
p o t e n t i a n e t e r ,  pass  through t h e  c ros s - sha f t  to t h e  s l i p r i n g  assembly i n  t h e  
housing where t h e  t w o  wires from t h e  ends of t h e  angle-of-attack potent iometer  
are also a t t ached .  These seven wires, p l u s  t h e  one w i r e  f r a n  t h e  w i p e r  of t h e  
angle-of-attack po ten t iome te r ,  are passed through t h e  housing and t h e  hollow 
mounting boan to t h e  r eco rd ing  in s t rumen ta t ion  i n s i d e  t h e  model or a i r p l a n e .  
Sane of t h e  parts and components are desc r ibed  i n  g r e a t e r  d e t a i l  i n  t h e  follow- 
ing s e c t i o n s .  

Propeller-Tachometer Assembly 

The propeller shown i n  f i g u r e  A2 is molded of aluminum a l l o y  by an  
investment-casting technique. The s t r eaml ined  hub, which is a c o n t i n u a t i o n  of 
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t h e  body shape, is hollow excep t  f o r  t h e  material provided f o r  t h e  mounting 
s h a f t  and t h e  w e b  s t r e n g t h e n e r s .  The f l a t  b l ades  are 31.75 mm i n  diameter, 
7.6 mm i n  chord, and 0.51 mm th i ck .  They are set a t  a n  incidence a n g l e  of 13O 
to g i v e  t h e  d e s i r e d  maximum r o t a t i o n a l  speed (18 000 rpm) a t  t h e  maximum air-  
speed of 90 m/sec. 

The t achane te r  subsystem ( f i g .  A2) is canposed of a magnetic pickup and 
The pole p i e c e  and p r o p e l l e r  a r o t a t i n g ,  s ix- toothed mi ld - s t ee l  pole piece. 

rotate toge the r  on t h e  common s h a f t  t h a t  is supported by low- f r i c t ion ,  s h i e l d e d  
b a l l b e a r i n g  assemblies .  
p i e c e  is a d j u s t e d  to approximately 0.38 mm. The r o t a t i o n  produces a sine-wave 
ou tpu t  a t  t h e  d e s i r e d  vo l t age  l e v e l  without  undue magnetic drag a t  t h e  minimum 
a i r speed .  
inductance of 14  mH, a dc  r e s i s t a n c e  of 140 R, and an  ou tpu t  of approximately 
0.30 V root mean square a t  300 r p s ,  which is t h e  maximum speed. The mechanical 
l oad  presented to  t h e  propeller by t h e  tachometer c o n s i s t s  of t h e  f r i c t i o n  
torque i n  t h e  bea r ings  and t h e  magnetic t o rque  of coupl ing between t h e  pickup 
and t h e  r o t a t i n g  pole pieces. The loads  cause a t h r e s h o l d  of r o t a t i o n  and non- 
l i n e a r i t y  i n  t h e  r e l a t i o n  between airspeed and r o t a t i o n a l  speeds a t  a i r s p e e d s  
below t h e  range of i n t e r e s t .  The assembly is i d e n t i c a l  to t h e  one desc r ibed  
i n  r e fe rence  6. 

The spacing between t h e  magnetic pickup and t h e  pole 

The magnetic pickup is a commercially produced item which has an  

Cross-Shaf t 

The c ross - sha f t  mechanically and e l e c t r i c a l l y  connects  t h e  aerovane with 
t h e  s t a t i o n a r y  housing. The s h a f t  is shown i n  f i g u r e  A3, along wi th  sane of 
t h e  associated canponents. I t  is d r i l l e d  a x i a l l y  f r a n  t h e  yoke end to t h e  
depth where t h e  wires are brought through f i v e  r a d i a l l y  d r i l l e d  ho le s  t o  t h e  
s l i p r i n g  assembly. The diameter of t h e  s h a f t  is l a r g e  enough t o  l i m i t  bending 
to  less than  1/4O under 6g a c c e l e r a t i o n ,  t h e  maximum expected during f l i g h t .  
Add i t iona l ly ,  t h e  s h a f t  is capable  of suppor t ing  t h e  aerovane without bending 
past i ts  elastic l i m i t  dur ing model landing i m p a c t ,  which i s  approximately 50g. 
The s h a f t  material, precipi ta t ion-hardened stainless steel, has a t e n s i l e  y i e l d  
s t r e n g t h  of over 10.0 x l o 6  N/m2 and many d e s i r a b l e  q u a l i t i e s  such as corro- 
s i o n  r e s i s t a n c e ,  w e l d a b i l i t y ,  s t a b i l i t y  du r ing  h e a t  processing,  mach inab i l i t y ,  
and l a c k  of b r i t t l e n e s s .  

S l i p  Rings and P o t e n t i a n e t e r s  

The s l i p  r i n g s  are custom-made by a commerical s u p p l i e r  to f i t  t h e  sensor .  
The r i n g s  are rhodium-plated s i l v e r  and t h e  w i p e r  metal is a palladium a l l o y ,  
both of which are materials cus tomar i ly  used f o r  s l i p - r ing  a p p l i c a t i o n s .  The 
c o n t a c t  p r e s s u r e  between each w i p e r  and r i n g  is a d j u s t e d  a t  t h e  t i m e  of sensor  
assembly by bending t h e  wipers. A s  excess ive  f r i c t i o n  causes wear and impairs 
f r e e  r o t a t i o n  of t h e  aerovane, care m u s t  be t aken  to provide uniform pressures 
i n  t h e  amount needed to a s s u r e  electrical  c o n t a c t .  The po ten t iome te r s  ( f i g .  A4) 
are custom-made by a commercial s u p p l i e r  according to d e t a i l e d  drawings and are 
made of polyimide p l a s t i c .  
areas and is reduced i n  width as needed to  p rov ide  t h e  r equ i r ed  r e s i s t a n c e  and 

The r e s i s t i v e  element is a t t a c h e d  i n  t h e  d e s i r e d  
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l i n e a r i t y .  R e s i s t i v e  elements are app l i ed  to t h e  r i m s  of t h e  angle-of-attack 
bodies over t h e  range of +120° and to t h e  faces of t h e  s i d e s l i p  bodies  over a 
k55O range. The r e s i s t a n c e  of both po ten t iome te r s  is 5000 n, 25 pe rcen t ,  and 
is l i n e a r  over t h e  range to wi th in  k1.5 pe rcen t  of range. Reso lu t ion  of t h e  
po ten t iome te r s  is i n f i n i t e  except  f o r  noise.  N o i s e ,  which is due to s u r f a c e  
i r r e g u l a r i t i e s ,  amounts to kO.l percen t  of f u l l - s c a l e  range or less. With 6-V 
e x c i t a t i o n ,  t h e  po ten t iome te r s  d i s s i p a t e  less than  10 mW of electrical  power. 
The w i p e r s  are of p rec ious  metal a l l o y  mounted i n  s e p a r a t e  molded polyimide 
blocks.  Electrical  c o n t i n u i t y  is made between t h e  s o l d e r  t e r m i n a l s  and t h e  
r e s i s t i v e  elements with conductive epoxy cement and l e n g t h s  of small-diameter 
copper w i r e .  The po ten t iome te r s  are assembled i n  t h e  sensor  on t h e i r  respec- 
t i v e  axes,  t h e  w i p e r  b l o c k s  i n s t a l l e d  i n  t h e i r  r e s p e c t i v e  l o c a t i o n s ,  and t h e  
amount of c o n t a c t  p r e s s u r e  a d j u s t e d  as wi th  t h e  s l i p  r i n g s .  O p t i m u m  f r i c t i o n  
g i v e s  good p o t e n t i a n e t e r  l i f e  and performance. 

T a i  1 

Dynamic performance of t h e  sensor depends to a g r e a t  e x t e n t  on t h e  design 
of t h e  t a i l ;  l o w  i n e r t i a  g i v e s  high n a t u r a l  frequency and damping. The vanes 
are made of 0.5-mm-thick magnesium a l l o y ,  i n t e r locked ,  and set i n  slots c u t  i n  
the  3.2-m-diameter magnesium rod. The vanes are set normal to each o t h e r  i n  
an X-orientation. Th i s  o r i e n t a t i o n  minimizes t h e  e f f e c t s  of t h e  w a k e  f r a n  t h e  
c ros s - sha f t  on t h e  aerovane and allows t h e  t a i l  g r e a t e r  c l e a r a n c e  i n  t h e  extreme 
p o s i t i o n  of s i d e s l i p  as it approaches t h e  c ros s - sha f t  and suppor t  b o o m .  

Support Boom 

The suppor t  boan ( f i g .  A5(a))  w a s  designed to suppor t  t h e  sensor  a t  t h e  
r equ i r ed  d i s t a n c e  ahead of t h e  scale models wh i l e  adding a minimum amount of 
i n e r t i a  to them, to bend no more than 1/4O when sub jec t ed  to t h e  maximum accel- 
e r a t i o n  load ,  6g, expected during t h e  data pe r iod ,  and to  s u r v i v e  ground impacts 
of up to 50g. The boan is d r i l l e d  to r e c e i v e  t h e  wires f r a n  t h e  sensor  so t h a t  
they can be routed to the recording in s t rumen ta t ion  i n  t h e  i n t e r i o r  of t h e  
model. A key i n  t h e  mounting hole  mates with t h e  keyway i n  t h e  boan to o r i e n t  
both it and t h e  sensor  i n  alignment with t h e  r e f e r e n c e  axes  of t h e  model to 
within kO.2O i n  a l l  axes.  F u l l - s c a l e  a i r p l a n e s  r e q u i r e  longer  booms, but s i n c e  
each i n s t a l l a t i o n  is unique, a s t anda rd  b o o m  w a s  not  developed. A typical wing 
i n s t a l l a t i o n  is shown i n  f i g u r e  A5(b). 

C a l i  br a t  i o n  F i x  t u r  e 

A f i x t u r e  f o r  c a l i b r a t i n g  t h e  ang le s  w a s  designed f o r  l a b o r a t o r y  and f i e l d  
use ( f i g .  A6). It c a n  be a t t a c h e d  wi th  t w o  thumb screws to  t h e  t h i n  c y l i n d r i c a l  
s e c t i o n  of t h e  mounting boan around t h e  rol l  a x i s  and subsequent ly  a l igned  with 
t h e  angle-of-attack and s l i d e s l i p  axes. I t  c a n  be seen  i n  f i g u r e  A6 t h a t  t h e  
f i x t u r e  is configured to c a l i b r a t e  one a x i s  a t  a t i m e ,  wi th  scales engraved i n  
l o  increments. The f i x t u r e  is l igh twe igh t  and provides  c a l i b r a t e d  i n p u t s  t h a t  
are accurate to wi th in  +_0.2O of t h e  intended values .  
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Figure  A5.- Boom i n s t a l l a t i o n .  



(b)  A i r c r a f t .  

F igure A5.- C o n c l u d e d .  
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TABLE I.- MEASUREMENT REQUIREMENTS 

I 

Parameter Range Accuracy 
___. 

Angle of a t tack f l 2 0 0  a+O. 35O 

S i d e s l i p  a n g l e  f55Q a+O.  25O 

A i r  speed 9 t o  90 m/sec +1 m/sec 

Frequency response 

F l a t  to  2 Hz 

F l a t  to 2 Hz 

lag 6 0.1 sec 
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Figure 2.- Typical airspeed ca l ibrat ion .  
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F i g u r e  3.- D e t a i l e d  c a l i b r a t i o n  showing s t a r t i n g  c h a r a c t e r i s t i c s  a t  
s e a - l e v e l  c o n d i t i o n s .  
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Figure  4.- Frequency response of angular  measurements a t  sea - l eve l  cond i t ions .  
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F igu re  5.- V a r i a t i o n  of anemmeter  t i m e  c o n s t a n t  w i t h  i n d i c a t e d  airspeed a t  
sea - l eve l  cond i t ions .  
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t o  withstand both the airplane environment and t h a t  of t he  radio-controlled,  
unpowered models. 

The dynamic accuracy i s  adequate t o  measure the rapidly changing flow 
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